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ABSTRACT 
 The public has expressed a growing desire for more sustainable and green technologies to 
be implemented in society.  Bio-cementation is a method of soil improvement that satisfies this 
demand for sustainable and green technology.  Bio-cementation can be performed by using 
microbes or free enzymes which precipitate carbonate within the treated soil.  These methods are 
referred to as microbial induced carbonate precipitation (MICP) and enzyme induced carbonate 
precipitation (EICP).  The precipitation of carbonate is the formation of crystalline minerals that 
fill the void spaces within a body of soil. 
 This thesis investigates the application of EICP in a soil collected from the Arizona State 
University Polytechnic campus.  The surficial soil in the region is known to be a clayey sand.  
Both EICP and MICP have their limitations in soils consisting of a significant percentage of 
fines.  Fine-grained soils have a greater surface area which requires the precipitation of a greater 
amount of carbonate to increase the soil’s strength.  EICP was chosen due to not requiring any 
living organisms during the application, having a faster reaction rate and size constraints. 
 To determine the effectiveness of EICP as a method of improving a soil with a significant 
amount of fines, multiple comparisons were made: 1) The soil’s strength was analyzed on its 
own, untreated; 2) The soil was treated with EICP to determine if bio-cementation can strengthen 
the soil; 3) The soil had sand added to reduce the fines content and was treated with EICP to 
determine how the fines percentage effects the strength of a soil when treated with EICP. 
 While the EICP treatment increased the strength of the soil by over 3-fold, the strength 
was still relatively low when compared to results of other case studies treating sandy soils.  More 
research could be done with triaxial testing due to the samples of the Polytechnic soil’s strength 
coming from capillarity.  
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CHAPTER 1 - INTRODUCTION 
BACKGROUND 
This thesis investigates the application of enzyme induced carbonate precipitation 
(EICP) as a method of soil improvement for finer grained soils.  Smaller grain sizes serve 
as a limitation for applicable use of microbial induced carbonate precipitation (MICP) 
due to smaller void spaces limiting the growth of or penetration by microbes (van 
Paassen et al, 2008).  Enzyme induced carbonate precipitation (EICP) will still be limited 
in finer-grained soils due to finer-grained soils having a greater specific surface area.  
The greater specific surface area requires a greater amount of carbonate to be precipitated 
for inter-particle cementation to occur.   
Soils are considered to have a significant amount of fine grained particles when 
the soil’s consistency contains more than 12% of particles passing through the number 
200 sieve (0.074 mm).  The soil investigated in this thesis was a clayey sand with a fines 
content of approximately 16%.  The use of EICP to improve soils consisting of fine-
grained soil particles could serve as a more effective method for improvement of soils 
containing fines due to enzymes being water soluble.  With enzymes being water soluble, 
they can penetrate smaller void spaces to achieve a reaction more effectively compared to 
microbes (Kavazanjian et al, 2015).   
Urea hydrolysis is a series of reactions that induces the precipitation of calcium 
carbonate for ground improvement during EICP (Weber et al, 2008).  The volume of the 
void spaces between solid particles in the soil decreases as the volume of the total solids 
within the soil increases.  This leads to the void ratio and porosity decreasing (Lin, 2016).  
While other methods of carbonate precipitation exist, urea hydrolysis is a time-tested 
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method that has been proven to be one of the most efficient methods of carbonate 
precipitation through biogeological methods.  Many of these works include EICP 
treatments done for research and in real world applications in the field which are 
discussed further in chapter 2. 
SCOPE OF WORK 
Surficial soils on the Arizona State University (ASU) Polytechnic campus are 
typically sands with significant amounts of fines. ASU Campus Parking Services (CPS) 
wishes to improve the soil on one of more open parcels which are used for temporary 
overflow parking for special events and on registration day each semester.   CPS has 
offered to partner with the Center for Bio-mediated and Bio-inspired Geotechnics 
(CBBG) on a test plot if it can be demonstrated that EICP can improve the soil to a 
sufficient extent for these parcels to serve as overflow parking lots.  This thesis will 
examine the potential to improve these soils using EICP either alone (i.e., solely using the 
native soil alone with an EICP admixture) or treating the soil with EICP with the addition 
of extra sand to reduce the fines content. 
The scope of work for this thesis includes: 
• Development of a moisture content-density curve with the Harvard miniature 
compaction device and determining the dry density-unconfined compressive 
strength relationship for the compacted soil using the unimproved native soil;  
• Determining the dry density-unconfined compressive strength relationship for 
the compacted soil using the native soil improved using an EICP admixture; 
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• Determining the dry density-unconfined compressive strength relationship for 
the compacted soil using the native soil improved by mixing in varying 
amounts of Ottawa sand and the EICP admixture. 
 The results of this study will provide valuable information on the potential for 
improving sandy soils with a significant amount of fines by treating the soil with EICP 
and hopefully develop an appropriate “recipe” for soil improvement to render parcels on 
the ASU Polytechnic campus suitable for use in overflow parking areas.   
ORGANIZATION 
 The chapters of this thesis discuss the following topics: 
• Chapter 1 describes the objectives of this thesis, provides a brief description of 
EICP and the scope of the work done for this thesis. 
• Chapter 2 is a series of literature review discussing the chemistry of EICP, 
relevant details about the effects of bio-cementation, potential applications for 
bio-cementation, how clays behave under different compaction methods and the 
properties of capillarity. 
• Chapter 3 discusses the procedures of the experiments carried out to collect 
relevant data to analyze for this thesis. 
• Chapter 4 discusses the process of determining the classification, optimum 
moisture content for compaction, stress/strain relationships and other relationships 
in the untreated native soil from the Polytechnic site. 
• Chapter 5 discusses the process of determining the characteristics and stress/strain 
relationships of the soil from the Polytechnic site after being treated with EICP 
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and being treated with EICP with sand mixed within the soil from the Polytechnic 
site. 
• Chapter 6 discusses the final conclusions of the thesis and provides 
recommendations for futures studies based on studying the use of EICP in soils 
with a significant amount of fines. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
5 
 
CHAPTER 2 – LITERATURE REVIEW 
INTRODUCTION 
 There is a growing public consciousness and an accompanying demand for 
sustainable and green technologies to be implemented within society (Cohen, 2015).  
This has led to many individuals, household and companies taking measures to reduce 
their net impact on the environment.  Bio-cementation is a method of ground 
improvement that can be classified as a sustainable and green technology.   Bio-
cementation methods like EICP and MICP require less resources and release much less 
carbon emissions during application to soils than other existing methods of soil 
improvement such as the use of portland cement.   
The reactions of both EICP and MICP for soil improvement are initiated through 
a process called urea hydrolysis.  Both reactions involve a urea and calcium chloride 
solution reacting with water and a solution with the urease enzyme which serves as a 
catalyst for the reaction of urea hydrolysis.  The source of the urease enzyme is the key 
difference between EICP and MICP reactions.  EICP uses an extracted free enzyme 
solution that is introducted to the urea and calcium chloride solution when applied to the 
soil; whereas MICP involves the stimulation of microbes existing within the soil which 
produce the urease enzyme instead of requiring an enzyme solution.   
The resulting reactions during urea hydrolysis lead to the precipitation of solid 
calcium carbonate crystals whose formation cements the soil together.  The formation of 
calcium carbonate leads to a greater volume of solids within the soil.   The formation of 
new solids changes the treated soil’s profile with a reduction in the void spaces and 
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porosity which correlates with the increase in the volume of solids.  Calcium carbonate 
crystals are rigid and results in an increase in roughness and dilatency due to more inter-
particle points of contact.  This in turn increases the strength of the soil including an 
increase in the soil’s bearing capacity and shear strength. 
CHEMISTRY OF UREA HYDROLYSIS 
 Urea hydrolysis is the process used in this thesis to perform EICP as a method to 
improve the Polytechnic soil.  The urease enzymes serve as a catalyst in the reaction for 
urea hydrolysis.  Urease can be extracted from a number of different different plant-based 
sources including melons, squash and pine trees (Prasad et al, 2017).  For this thesis, the 
source for the urease enzymes were extracted from Canavalia ensiformis, also known as 
the Jack Bean.  The urease enzymes are extracted through the use of solvents and other 
additives.  The resulting reactions after applying solvents and additives to proteins 
extracted from the Jack Beans leads to the creation of crystaline urease enzymes (Weber 
et al, 2008).   
The reaction of urea hydrolysis is an irreversible reaction involving a urea 
(𝐶𝑂(𝑁𝐻2)2) solution reacting with water (𝐻2𝑂) with the urease enzyme serving as a 
catalyst for the reaction.  The reaction leads to the formation of ammonium (𝑁𝐻4) and 
carbonate (𝐶𝑂3
2−) as seen in the equation below (van Paassen et al, 2008).   
𝐶𝑂(𝑁𝐻2)2(𝑎𝑞) + 2𝐻2𝑂(𝑙)
𝑢𝑟𝑒𝑎𝑠𝑒
→    2𝑁𝐻4(𝑎𝑞)
+ + 𝐶𝑂3(𝑎𝑞)
2−  
The pH in the treated soil rises as a result of urea hydrolysis.  With the rise in the 
pH level within the solution caused by urea hydrolysis, the required pH conditions are 
met in order for calcium carbonate precipitation to occur.  Calcium carbonate precipitates 
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when the carbonate ions react with calcium ions.  These calcium ions during this study 
originate from calcium chloride (𝐶𝑎𝐶𝑙2) which dissociates into free calcium and chlorine 
ions when dissolved in the solution.  As a result, the carbonate produced by urea 
hydrolysis then reacts with the calcium ions (𝐶𝑎2+) to produced calcium carbonate 
(𝐶𝑎𝐶𝑂3) which can be seen in the equation below (van Paassen et al, 2008).   
𝐶𝑎(𝑎𝑞)
2+ + 𝐶𝑂3(𝑎𝑞)
2− → 𝐶𝑎𝐶𝑂3(𝑠) 
The rise in the pH also leads to the ammonium dissociating into ammonia (𝑁𝐻3) 
and hydroxide ions (𝑂𝐻−).  While the carbonate and calcium ions react with each other 
to precipitate calcium carbonate, ammonium chloride (𝑁𝐻4𝐶𝑙) also forms.  Ammonium 
chloride is a byproduct that forms as a result of urea hydrolysis but it is classified as a 
groundwater contaminant.  Ammonium chloride forms when ammonium ions react with 
chlorine ions present in the soil which can be seen in the equation below (van Paassen et 
al, 2008).  
𝑁𝐻4(𝑎𝑞)
+ + 𝐶𝑙(𝑎𝑞)
− → 𝑁𝐻4𝐶𝑙(𝑎𝑞) 
 To summarize, the series of chemical reactions during urea hydrolysis involves 
the introduction of urea which reacts with water and the urease enzyme.  The resulting 
reaction leads to the formation of ammonium and carbonate which branch off into two 
separate reactions.  The presence of calcium chloride in an aqueous state within the soil 
dissociates into calcium ions and chlorine ions which react with the cabonate ions and 
ammonium ions.  The ammonium ions react with the chlorine ions which results in the 
byproduct ammonium chloride which must be recovered after the reaction has run its 
course.  The calcium ions react with the carbonate which leads to the precipitation of 
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calcium carbonate which changes the treated soil’s profile and characteristics (van 
Paassen et al, 2008). 
EFFECTS OF UREA HYDROLYSIS FOR GROUND IMPROVEMENT 
 The potential application of EICP is as a method to improve soils consisting of 
fine grains through mixing the solution into the soil and compacting the treated soil.  
EICP is the result of a series of reactions involving an aqueous solution of urea and 
calcium chloride as the reactants with the urease enzyme as a catalyst which results in the 
precipitation of calcium carbonate.  The precipitated calcium carbonate results in a 
greater volume of solids within the treated soil.  Some of the calcium carbonate that 
precipitates during EICP adheres to the existing grains of soil within the treated soil 
which results in the soil particles increasing in roughness and being cemented together 
(Almajed, 2017).    
Figure 1 is a series of diagrams that visualize the effect that the precipitation of 
calcium carbonate has in a soil sample.  Visual (a) shows the effect of calcium carbonate 
cementing soil particles together.  Visual (b) shows the effect of calcium carbonate 
adhering to the surface of soil particles.  Visual (c) shows the effect of calcium carbonate 
forming freely as independent crystalline solids within the void spaces (Lin, 2016). 
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Figure 1: Calcium Carbonate Growth Diagram (Lin, 2016) 
The increased density of the soil combined with the increased particle roughness 
allows for a more efficient interlocking between soil particles which causes the soil to 
become stronger.  The formation of these new solids leads to smaller void ratios in the 
soil leading to a stronger medium.  The increased density in the soil also decreases the 
soil’s permeability.  The decrease in permeability also hinders the flowrates of 
groundwater (van Paassen et al, 2008).  The precipitated carbonate may also clad soil 
particles, increasing particle’s roughness and dilation (Almajed, 2017).  The effects of 
bio-cementation leads to the soil having a greater resistance to erosion and seismic 
damage (Hamdan et al, 2014).  An example of the growth of calcium carbonate adhering 
to individual grains of soil can be seen in figure 2.  The image in figure 2 was taken using 
an electron microscope. 
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Figure 2: Calcium Carbonate Adhering to Soil Particles 
While MICP is a method used to induce carbonate cementation in sands, MICP’s 
effectiveness in soil improvement is limited by the smaller void spaces when soils 
contain more fine grains.  Bacteria typically have a range in size of 0.5-3.0 𝜇𝑚 (van 
Paassen et al, 2008).  Silts are typically range from 2-63 μ𝑚 whereas clay particles are 
less than 2 𝜇𝑚 (Sessitsch et al, 2001).  Smaller void spaces limit the effectiveness of 
MICP as the smaller void spaces restrict the growth, transport and penetration by 
microbial colonies.  The smaller soil particles also cause the soil to become less 
permeable which will restrict the flow of nutrients provided to stimulate the growth of the 
microbes.  Using EICP could be a method to induce bio-cementation in soils consisting 
of significant amounts of fines due to enzymes not requiring the larger void spaces 
microbes require because enzymes are water soluble (Kavazanjian et al, 2015). 
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SUSTAINABILITY 
The application of EICP can be used as a more sustainable method of soil 
improvement due its low overall impact on the surrounding environment.  Portland 
cement is often used as a method for soil improvement to bind soil particles together to 
strengthen the soil and reduce fugitive dust (Hamdan et al, 2016).  While the use of 
Portland cement is an effective method of treatment, the application of Portland cement 
to improve a soil is disruptive to the surrounding community due to the requirement of 
using heavy equipment to prepare and apply the Portland cement to the soil (van Paassen 
et al, 2008).  The use of Portland cement for soil improvement is also energy intensive 
because of the use of the equipment which leads to more carbon emissions.  Treating 
soils with Portland cement also uses a significant amount of water (Prasad et al, 2017).   
Bio-cementation methods can also be used to address the environmental issue of 
immobilizing a contaminant present in the subgrade.  An example includes a study 
involving Cadmium as a contaminant groundwater contaminant.  Cadmium is a heavy 
metal.  Heavy metals are a concern for human health due to exposure increasing the risk 
of the heavy metals accumulating in the body which can lead to health problems.  
Cadmium is a known carcinogen and has been documented to cause damage to the 
kidneys, bones and lungs (OSHA, 2013).  The process of MICP was used in this study by 
stimulating the bacterial species Exiguobacterium undae.   The cadmium was in an 
aqueous phase reacted with the carbonate produced during urea hydrolysis and caused the 
cadmium to precipitate into solid cadmium carbonate (𝐶𝑑𝐶𝑂3) which was then able to be 
extracted.  The case study also determined that the MICP reaction using Exiguobacterium 
undae as the species of bacteria was not affected by colder temperatures (Kumari et al, 
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2014).  While bio-cementation can be a more sustainable technology to improve soils, it 
can also be used as a bio-remediation method within soils. 
DISADVANTAGES AND LIMITATIONS OF EICP 
The use of EICP for soil improvement does have its share of disadvantages 
compared to MICP.  The production of the free urease enzymes is expensive and is the 
greatest cost for the application of EICP (Almajed, 2017).  High-grade urease enzymes 
were used during lab testing, but less pure urease enzymes can still be practical during 
field applications.   
Bio-clogging is a phenomenon that can also occur where the biological activity 
clogs the pores within the soil and prevent the solution from flowing (Soon et al, 2013).  
The flow is impeded due to the reduction in permeability of the soil which correlates with 
a reduction in hydraulic conductivity (Ivanov et al, 2008).  This can lead to issues in the 
control of the region of soil treated with EICP. 
EICP will still have its limitations in soils with significant amounts of fine grained 
particles due to fine grained particles having a greater surface area (Coduto et al, 2011).  
Clay particles typically are in the shape of flat sheets that are held together by van der 
Walls forces (Barton et al, 2002).  Taking the shape of a flat sheet leads to a greater 
surface area which requires a greater amount of calcium carbonate to precipitate in order 
to achieve the desired effect of bio-cementing the treated soil. 
EICP results in a more rapid rate of the precipitation of calcium carbonate.  The 
faster reaction rate leads to the formation of calcium carbonate crystals that are smaller 
and amorphous in shape which are not as effective in interlocking together than the 
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calcium carbonate crystals produced by MICP which are more rigid (Wooley et al, 2017).  
However, the more rapid reaction rate of EICP is advantageous in arid climates where the 
soil will dry more quickly due to evaporation.  During EICP, calcium carbonate is more 
likely to form as independent particles within the void spaces as opposed to adhering to 
existing soil particles compared to MICP (Almajed, 2017).   
Both EICP and MICP produce ammonium chloride, which is a byproduct of urea 
hydrolysis.  Ammonium chloride is considered a contaminant in ground water which 
must be extracted after treating the soil.  The presence of ammonium chloride in the 
environment is toxic to aquatic lifeforms.  
OTHER BIO-CEMENTATION STUDIES AND APPLICATIONS 
 EICP and MICP both use urea hydrolysis as their methods of inducing the 
precipitation of calcium carbonate which can be referred to as “bio-cementation.”  For 
this thesis, the main goal is to determine the effectiveness of using EICP in a soil that has 
a significant amount of fines.  However, there are other bio-cementation soil treatment 
applications beyond strengthening a soil that are worth discussing. 
 The use of EICP as a method of soil improvement has shown potential in the 
reduction of fugitive dust.  Arid and semi-arid climates, like Phoenix, are susceptible to 
having poor air quality due to the presence of particulate matter because of fugitive dust.  
Fugitive dust can be present in the air because of natural occurrences such as sandstorms 
and dust devils or through human activity such as on construction sites.  Traditional 
methods used for dust reduction such as the use of water, salts and polymers tend to not 
be very effective in arid climates.  These traditional methods are only effective in the 
14 
 
short term and are costly.  A study performed by Nasser Hamdan and Edward 
Kavazanjian tested these traditional methods and compared them to the effects of treating 
the soil with EICP to reduce fugitive dust with samples placed inside wind tunnels.  The 
results determined that EICP was the most effective method of soil improvement to 
reduce fugitive dust compared to wetting the soil with water or adding a salted solution to 
the soil (Hamdan et al, 2016). 
 The use of bio-cementation methods can improve soils to increase the bearing 
capacity of a slope.  A study was performed by using the method of MICP to increase the 
strength and stiffness of a sandy slope.  The slope’s ratio was 1.5H:1V.  To test the 
strength of the sandy slope, a strip footing was placed at the top edge of the slope at the 
width of the base of the strip footing and twice the width of the base of the strip footing.  
The slopes were tested untreated and were given variations of treatments based on the 
curing time for the MICP reaction.  The curing times used during this study were for 14 
days and 28 days.  The procedure of testing involved applying pressure at the top of the 
slope with the strip footing until the slope failed.  The results showed that the longer the 
curing time was for the MICP reaction, the greater the strength of the slope was.  The 
slopes that were treated with MICP had significant increases in their bearing capacity by 
over 100%.  The study concluded that MICP could be applicable for enhancing the 
strength of sandy earth structures, stabilizing soils and performing general in-situ ground 
improvement (Pusadkar et al, 2017). 
 Bio-cementation can be used as a method of soil improvement in soils prone to 
liquefaction.  An example includes a study performed by using MICP to reduce the 
liquefaction potential of sands.   Samples of sand were treated and tested in cyclic triaxial 
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tests to emulate the stresses induced by earthquakes.  The variables used in determining 
MICP’s effectiveness in improving the soil by finding correlations between the carbonate 
content, effective confining stresses and the cyclic stress ratio applied to each sample.  
The study determined that clean sands treated with MICP showed improvement by a 
factor of 1.34 in resisting liquefaction during a magnitude 7.5 earthquake (Xiao et al, 
2018). 
 The process of bio-cementation can be accompanied with other methods for soil 
improvement as well.  One study performed MICP as a method of soil improvement but 
combined with process with resin and fiber stabilization.  The fibers were produced with 
polypropylene which were 12 mm long and 0.021 mm thick.  Polypropylene is a material 
that is hydrophobic and is resistant to the effects of corrosion.  The soil was treated with 
MICP alone while others were treated with MICP with the addition of the polypropylene 
fibers.  While MICP showed signs in improved bearing capacity in the soil, the addition 
of polypropylene fibers showed slightly higher increases.  The soils treated with MICP 
and the addition of polypropylene fibers show their greatest improvement in soils with 
smaller grain sizes (Modaresnia et al, 2013). 
 Measures have been taken in multiple studies to improve the conditions of the 
solutions applied to soils to perform bio-cementation.  One method used was the 
implementation of biomimetic hydrogels in a loose soil.  The goals of using biomimetic 
hydrogels was to reduce contamination caused by the production of ammonium during 
EICP.  The same study used polyacrylic acid (PAA) to work in tandem with EICP to 
enhance the reaction’s performance.  PAA enhanced the EICP treatment with the addition 
of hydrogels by increasing the amount of time water stayed within the soil, allowed for 
16 
 
more control over the region of soil treated, reducing the production of ammonium and 
achieved soil crusts that were able to withstand 4.8 ∗ 103 𝑘𝑃𝑎 of pressure.  This level of 
strength is similar that of cement-based treatments for soil improvement (Zhao et al, 
2016) 
COMPACTION’S EFFECT ON THE PERMEABILITY OF CLAYS 
The soil from the Polytechnic campus contains significant amounts of clays, 
which are fine-grained particles.  The presence of fine-grained particles leads to the soil 
having a lower permeability which can impede the flow of injections of solutions into the 
soil to perform EICP.  However, measures can be taken in the field to understand the way 
clay particles behave during compaction to increase the soil’s permeability to increase the 
effectiveness of the injections of the solutions into the subgrade or to decrease the soil’s 
permeability after the soil has been mixed to compact the soil to a greater density. 
The permeability of clays can vary greatly based upon the methods of 
compaction, the degree of saturation, the moisture content and the alleviation of pore 
water pressure.  Different compaction methods change the way clay particles will orient 
themselves.  When clay particles are in different orientations, this leads to variations in 
the sizes of void spaces between the clay particles.  Clays with similar moisture contents 
that are compacted via different methods will yield different results in the clay’s 
permeability.  While correlations can be found with the moisture content’s influence on a 
clay’s permeability, the effects of the compaction methods on the clay’s structure has the 
greater effect in dictating the clay’s permeability (Mitchell et al, 1965). 
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Back pressure methods of compaction lead to different results in a clay’s 
permeability based upon whether the clay is drier or wetter than the optimum moisture 
content.  The optimum moisture content is the ideal moisture content of a soil to achieve 
the greatest relative density during compaction.  When clays are drier than the optimum 
moisture content, back pressure compaction methods lead to the clays being less 
permeable the closer the moisture content is to the optimum moisture content.  When the 
clays increasingly become wetter than the optimum moisture content, back pressure 
compaction methods lead to the soil becoming slightly more permeable.  The increase in 
the permeability is associated with higher pore water pressures found in clays with 
greater degrees of saturation.  The results of the moisture content to permeability 
relationship can be found in figure 3 (Mitchell et al, 1965). 
 
Figure 3: Back Pressure Compaction Relationship (et al; Mitchell, 1965) 
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Kneading methods of compaction will lead to different results in the orientation of 
clay particles based on whether the clay is dried or wetter than the optimum moisture 
content.  When clays are drier than the optimum moisture content, kneading compaction 
methods will lead to the clay particles being oriented at random which can be referred to 
as a flocculent structure.  When clays are wetter than the optimum moisture content, 
kneading compaction methods will lead to the clay particles being orientated parallel to 
each other which can be referred to as a dispersed structure.  Clays that have taken the 
form of a flocculent structure have greater void volumes between particles than clays that 
have taken the form of a dispersed structure. When kneading methods of compaction are 
used on clays, moisture contents greater than the optimum moisture content lead to the 
clays being less permeable.  The moisture content to permeability relationships can be 
found in figure 4 (Mitchell et al, 1965). 
 
Figure 4: Kneading Compaction Relationship (et al; Mitchell, 1965) 
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THE EFFECT OF CAPILLARITY ON THE STRENGTH OF A SOIL 
 Capillarity is a phenomenon that occurs in soils when they desaturate.  When a 
soil is not saturated, water is present in two forms: adsorbed or capillary water.  Adsorbed 
water is water that has adsorbed to the surface of individual soil particles.  Adsorbed 
water has no significant effect on the effective stresses within a soil.  Capillary water is 
water that exists within the pores of the soil.  Capillary water that is present within the 
soil can affect the effective stresses experienced in a soil sample.   
Effective stresses are the stresses experienced between inter-particle contact 
points.  The effect capillarity has on a soil is that it can lead to overestimates in the shear 
strength of the soil when it is unsaturated.  The overestimates in the shear strength stem 
from the effects of capillarity creating suction within the void spaces of the soil (Zhou et 
al, 2018).  This leads to what is referred to as capillary cohesion (Goulding, 2006).   
Capillary cohesion is also affected by the presence of clay within a soil.  Clays 
can also produce a phenomenon of suction head.  Suction head increases the effective 
stresses experienced within a soil just like capillary cohesion (Goulding, 2006).  The 
amount of suction head that clays induced within soils has an inverse correlation with the 
moisture content of a soil as seen in figure 5.  The moisture content of the soil when it has 
swelled to its maximum size is represented by 𝑊ℎ.  The maximum moisture content of 
the soil is represented by 𝑊𝑚.  The suction head at 𝑊ℎ is represented by ℎ0 (Chertkov, 
2010). 
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Figure 5: Water content of soil to suction head relationship (Chertkov, 2010) 
Cohesion is a phenomenon present in clays due to Van der Waals forces serving 
as the interaction between clay particles (Barton et al, 2002).  Sands are cohesionless 
soils, but capillary cohesion can occur within sands that are unsaturated which causes 
suction within the soil.  The suction head produced by unsaturated clays is another form 
of suction that occurs.  The effects of capillary cohesion and suction head can cause sands 
to behave like cohesive soils when they are unsaturated. 
The suction produced by capillary cohesion and suction head lead to an increase 
in the effective stresses experienced between individual grains within the soil.  While the 
suction increases the soil’s strength, it can lead to overestimations in the bearing capacity 
of the soil during unconfined compressive strength testing.  This is due to strength 
produced by suction is immediately reduced when the soil becomes saturated again.  This 
is because the capillary cohesion falls to zero once the soil is saturated again (Goulding, 
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2006).  As seen back in figure 5, the suction head produced by clays reduces to zero as 
well (Chertkov, 2010). 
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CHAPTER 3 – EXPERIMENTAL PROCEDURES 
INTRODUCTION 
 This thesis has six different experiments and tests for the scope of work.  The soil 
from the Polytechnic site must be analyzed untreated first by determining soil 
classification through a sieve analysis.  It is known that there is a significant amount of 
fines present within the native soil.  Due to the presence of a significant amount of fines 
in the soil, the Atterberg limits (liquid limit, plastic limit and plasticity index) of the fine-
grained particles had to be determined. 
 After the soil from the Polytechnic site’s characteristics were determined, there 
many different classifications of soil columns produced to go through testing to 
determine the different characteristics of different soil states.  The three main 
classifications of soil that were tested include the untreated native Polytechnic soil, EICP 
treated Polytechnic soil and EICP treated Polytechnic soil modified with added sand.  
SIEVE ANALYSIS (ASTM STANDARD D422) 
 Soil can be classified as a gravel, sand, silt or clay wherein that order they are 
decreasing in grain size with the Unified Soil Classification System (USCS).  Gravel and 
sand are course grained soils while silt and clay are fine grained soils.  Performing a sieve 
analysis on a soil will determine the characteristics of the soil by determining the 
percentages of the soil consisting of gravel, sand and fines.  The sieve shaker can be seen 
in figure 6. 
 
23 
 
 
Figure 6: Sieve Shaker 
First a sieve analysis must be performed by taking the dry soil and placing a 
collected sample into a stack of sieves on a shaking table.  As the stack of sieves is 
shaken, the soil particles will drop through openings in the sieve screens until they are 
retained.  The mass of soil retained by each sieve is taken from the total mass and 
subtracted from 100% to determine the percentage of soil passing each sieve.  Sieve 
number 4 marks the difference between sands and gravel while sieve number 200 marks 
the difference between coarse and fine-grained soils.  Table 1 shows the standard sieve 
sizes used in a sieve analysis. 
 
24 
 
Table 1: Standard Sieve Numbers and Respective Dimensions (in mm) 
Sieve Number Size in mm 
4 4.75 
10 2.00 
20 0.841 
40 0.420 
70 0.210 
100 0.150 
200 0.075 
 
The results of the sieve analysis are plotted with the percentage passing on the y-
axis against the sieve sizes on the x-axis on a logarithmic scale to find the grain size 
distribution.  The particle sizes need to be measured in mm. 
The coefficient of curvature (Cc) and coefficient of uniformity (Cu) are found 
based upon the soil retained at varied levels.  The values of Cc and Cu allow for 
determining if the soil is well-graded or poorly graded.  The analyzed soil is considered 
well-graded for sands under the conditions of (1 < 𝐶𝑐 < 3) and (𝐶𝑢 ≥ 6).  The values of 
Cc and Cu are determined by the particle sizes at various levels of percentages of 
particles passing sieves at 10% (𝐷10), 30% (𝐷30) and 60% (𝐷60).  The equations to solves 
for the values of Cc and Cu are found below. 
𝐶𝑐 =
𝐷30
2
(𝐷10)(𝐷60)
 
𝐶𝑢 =
𝐷60
𝐷10
 
The fine-grained particles need to be further examined if they consist of at least 
5% of the soil.  If the soil consists of anywhere from 5-12% fine grained particles, the 
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soil will be classified with a dual-symbol (ex. SW-SC for a well graded clayey sand).  If a 
soil consists of anything above 12% fines, the soil is classified as a dirty soil.  Dual-
symbol and dirty soils consist of fine grains that need to be further examined.  The 
examination of the fine-grained soils involved determining the liquid limit and plasticity 
index of the fines.  The liquid limit and plasticity index are also referred to as the 
Atterberg limits.   
CASAGRANDE TEST (ASTM STANDARD D4318) 
 The liquid limit was found by performing an analysis of the fine grains of the 
Polytechnic soil with the Casagrande apparatus.  First, the fine-grained particles within 
the analyzed soil needed to be sieved out.  Once the fine-grained soil particles were 
sieved out, water was added and mixed in until the specimen had a consistency like 
peanut butter.  It was ensured that all clumps of soil were broken up and the soil’s 
consistency was uniform before being tested.   
Once the desired consistency in the specimen had been achieved, the Casagrande 
apparatus needed to be calibrated.  The Casagrande apparatus was calibrated by placing 
the plastic grooving tool beneath the cup and rotating handle until the cup did not rise 
when rotated.  This was to ensure the Casagrande apparatus’s cup had the appropriate 
drop height of 10 mm. 
Once the Casagrande apparatus had been calibrated, the cup needed to be clean of 
any residue and dried.  Using a spatula, the specimen was spread inside the cup evenly.  
Using the same plastic scraper to calibrate the Casagrande apparatus, a straight groove 
was created through the soil pat within the cup.  The shoulders of the grooving tool 
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should barely scrape over the surface of the soil pat.  If the grooving tool did not meet the 
surface of the soil pat, more soil had to be added to the cup and the process had to be 
repeated.  The Casagrande device with soil scraped can be seen in figure 7. 
  
Figure 7: Casagrande device with a sample scraped (et al; Krzic, 2010) 
Once the grove had been made, rotate the handle of the Casagrande apparatus at a 
rate of two revolutions per second.  The cup would rise and fall, making an impact with 
the base of the Casagrande apparatus.  The number of blows the cup made with the base 
were counted until the groove closed within a length of 13 mm, or ½ in.  This was 
measured by the width of the grooving tool.   
If the groove closed after 15-20 blows, a sample of soil was scooped out of the 
cup and was placed into a pre-weighed container.  The sample was then placed in an oven 
for at least 24 hours to dry.  If the number of blows was below 15, the soil sample was 
removed and placed into the original batch and was mixed to dry out the soil.  The cup 
was cleaned and dried between each trial.  If the number of blows was above 20, more 
water was added to the original soil batch and the test was repeated.   
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Four different samples were taken with cycles that to have blow-counts between 
15-20, 20-25, 25-30 and 30-35.  After each sample was prepared, a figure was produced 
to determine the liquid limit with the x-axis representing the number of blows in a 
logarithmic scale while the y-axis represents the water content. 
PLASTIC LIMIT TEST (ASTM STANDARD D4318)  
The plastic limit was found by performing ASTM Standard D4318 which 
involved rolling out a strand of moist fines that had been sieved out of the soil being 
tested.  The plastic limit was found by the average of the moisture content when the soil 
crumbles when the sample is rolled into a thread. 
To start, on top of a clean table space, water was added to the fine-grained soil 
particles and were spread out on the surface.  The water was added to the fine grains of 
soil to a consistency similar to peanut butter.  After the soil was spread out, a sample was 
rolled out into shape.  This process was repeated until the rolled-out sample was rolled 
into a thread with a 3 mm diameter and started to break up at this diameter.   
If the soil did not crumble at 3 mm, the soil was spread out more to dry out before 
repeating the process.  Once a 3 mm thread was rolled out and began to break up, pieces 
of the sample were collected and placed into a pre-weighed container.  These samples 
were then placed in an oven to dry over 24 hours.  The dried-out soil was then reweighed 
to determine the initial moisture content. 
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HARVARD MINIATURE COMPACTION TEST  
 The Harvard Miniature Compaction Test serves the purpose of determining the 
optimum moisture content for the soil to achieve the greatest density during compaction 
in the field.  To prepare the test, soil passing through the No. 4 sieve (4.75 mm) were 
taken as a sample and mixed thoroughly.  The mix of soil was divided into portions with 
different amounts of water added and mixed in.  Each sample contained various levels of 
moisture contents to create a range that would then be plotted.  The plot was used to 
determine the optimum moisture content during compaction to reach the soil’s greatest 
relative density. 
 Loose soil was placed into the mold with about two teaspoon and was leveled off.  
The tamper was placed into the mold and then pressed down until the spring on the 
contraption began to compress.  This process was repeated five times in the four 
quadrants of the surface of the soil within the mold while the fifth compression was in the 
center.  The rate of tamping was approximately 10 tamps per 15 seconds.  This process 
was repeated for 5 layers.  The top layer should extend approximately a half inch into the 
extension collar.  The collar was then removed from the mold and the excess soil was 
scrapped away.  The compacted sample could then be removed from the mold, weighed, 
dried and then reweighed to determine the sample’s moisture content. 
 Once this process had been performed, the moisture content of each specimen was 
found.  The mass of the soil samples was found by subtracting the mass of the container.  
The moisture content and masses were found in the equation where 𝑤 represents the 
moisture content, 𝐴 represents the mass of the container and wet soil, 𝐵 represents the 
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mass of the container and dry soil, 𝐶 represents the mass of the container (U.S. 
Department of Interior, 1984). 
𝑤 =
𝐴 − 𝐵
𝐵 − 𝐶
∗ 100% 
𝑀𝑑𝑟𝑦 =
𝑀𝑤𝑒𝑡
100 + 𝑤
∗ 100% 
 The Harvard Miniature Compaction Test also served as one of the compaction 
procedures in producing the soil columns that were used in the unconfined compression 
strength tests.  Figure 8 shows a photo of the Harvard Miniature Compaction device in 
use. 
 
Figure 8: Harvard Miniature Compaction Device 
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UNCONFINED COMPRESSION STRENGTH TEST (ASTM STANDARD D2166) 
 The unconfined compression test was used to determine the stress-strain 
relationships for three different classifications of soil columns.  The first type of soil 
columns produced consist of the Polytechnic soil untreated and compacted.  The second 
type of soil columns produced consist of the Polytechnic soil treated with EICP.  The 
third type of soil columns produced consist of the Polytechnic soil with Ottawa sand 
mixed in and was then treated with EICP.  The samples were produced in cylindrical 
tubes and measured to have a height to diameter ration of 2:1 to satisfy the requirements 
for the unconfined compression test.  Any columns that had a greater height to diameter 
ratio were shortened with sandpaper to an appropriate length with the column’s diameter. 
 The apparatus used to perform an unconfined compression test includes a frame 
with two plates.  The top plate is stationary and measures the loading applied during 
compression.  The bottom plate supports the sample column and gradually rises towards 
the top plate which applies an axial force upon the sample column.  The deformation of 
the sample column correlates with the distance the bottom plate rises until the sample 
column shears. 
 Once the initial characteristics (unit weight, height, diameter) of each sample 
column had been determined, the sample column was then placed into the loading frame 
with all dials set to zero.  The apparatus was activated along with computer software 
which will measure the load and displacement during the compaction of the sample 
column.  The formula accounts for the relationship between the dial readings (𝑆 𝑎𝑛𝑑 𝑆0), 
strain (𝜀) and initial height (𝐻0) of the column. 
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𝑆 = 𝑆0 + (
𝜀
100
)𝐻0 
 The applied stresses (𝜎) can be found by the applied axial load (𝐹) and the cross-
sectional area (A) of the sample column.  The cross-sectional area of the column 
increases as the sample column is compressed in the apparatus.  The change in the cross-
sectional area of the sample column is found in a relationship with the initial cross-
sectional area of the sample column (𝐴0) and the accompanied strain over time.  The 
formulas for determining these values can be found below. 
𝜎 =
𝐹
𝐴
 
𝐴 =
𝐴0
1 − 𝜀
 
 As the sample column is compressed, the sample column will eventually 
experience a shear failure or a barreling failure.  Shear failures occur when the sample 
column fails with a distinct failure plane in the sample column.  Barreling failures occur 
when a bulge forms in the middle of the sample column.  When either failure occurs, the 
unconfined compression test has concluded.  The unconfined compressive strength (𝑞𝑢) 
of the sample column can be determined by the largest applied stress.  This allows for 
determining the undrained shear strength of the sample column (𝑠𝑢).  If the stresses 
continue to be measured passed a vertical strain of 20%, the unconfined compressive 
strength correlated with the stress applied that correlated with a vertical strain of 20%.   
 With the data collected from the unconfined compression test, a relationship can 
be found between each column’s dry unit weight and dry unconfined shear strength.  
Figure 9 is a photo of the unconfined compressive strength apparatus in use. 
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Figure 9: Unconfined compressive strength testing apparatus 
HYDROCHLORIC ACID DIGESTION 
 Hydrochloric acid digestion was used as a method of determining the amount of 
carbonate that precipitated within each sample.  The carbonate content of the soil was 
determined by finding the difference in the mass of a sample of soil before and after 
treating the sample with hydrochloric acid.  The purpose of performing hydrochloric acid 
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digestion was to determine the calcium carbonate content in the untreated soil, EICP 
treated soil and EICP treated soils with added Ottawa 20-30 sand. 
Approximately 50 grams of soil of were measured out and placed into beakers.  
Soil that was still in clumps were broken up with a wooden dowel.  Hydrochloric acid 
was added to the soil within the columns and was stirred in.  If the samples fizzed after 
adding the hydrochloric acid, that indicated that the sample treated contained carbonate.  
If no fizzing occurred, the carbonate content within the sample was non-existent or 
negligible.   
After the hydrochloric acid was applied to the soil sample, the sample was left to 
sit for approximately two hours to allow the digestion process to run its course.  After 
two hours, the hydrochloric acid was carefully decanted.  The soil was then rinsed with 
water.  After the soil was allowed to settle to the bottom of the beaker, the water and was 
carefully decanted.  During decanting, efforts were taken to allow as few solid particles 
as possible to be poured out to limit error. 
 After each sample was rinsed and decanted, the samples were taken to an oven to 
dry overnight.  Once the samples were dried, the samples were weighed again.  The 
difference between the masses before and after the hydrochloric acid digestion tests 
determines the carbonate content that was present within each sample. 
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CHAPTER 4 – SOIL CLASSIFICATION AND EXISTING CONDITIONS 
INTRODUCTION 
 This chapter investigates the results of testing to determine the existing conditions 
of the soil from the Polytechnic site.  The site’s location and characteristics are described.  
The process of determining the classification of the soil from the Polytechnic site was 
performed with the expectation that the soil will be classified as a sand with a significant 
amount of fines.  The Harvard miniature compaction device was used to create a moisture 
content-density curve to determine the optimum moisture content to reach during 
compaction in the site.  The soil was molded into columns where an unconfined 
compression test was performed to find a dry density-unconfined compressive strength 
relationship for the untreated soil. 
THE SITE 
 Surficial soils on the Arizona State University (ASU) Polytechnic campus are 
clayey sands (SC). ASU Campus Parking Services (CPS) wishes to improve the soil on 
one of more open parcels for use for temporary overflow parking, e.g., for special events 
and on registration day each semester.   CPS has offered to partner with the Center for 
Bio-mediated and Bio-inspired Geotechnics (CBBG) on a test plot if it can be 
demonstrated that EICP can improve the clayey sand to a sufficient extent for the parcels 
to serve as overflow parking lots.   
 The Polytechnic site’s address is 6945 East Ulysses Avenue Mesa, AZ 85212.  
Figure 10 shows an aerial view of the site highlighted in yellow and the surrounding 
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region.  Figure 11 is a photo of the site where the soil used during laboratory testing for 
this thesis was collected. 
 
Figure 10: Google Maps Aerial Site View 
  
Figure 11: On-site Photos 
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SOIL CLASSIFICATION RESULTS 
 Three different tests were performed to classify the soil from the Polytechnic site.  
The sieve analysis was performed to determine the grain size distribution of the soil.  
Upon determining that a significant amount of fines were present in the soil, the 
characteristics of the fine-grained particles needed to be analyzed.  To determine the 
characteristics of the fine-grained particles in the soil, the Casagrande test was performed 
to determine the liquid limit of the fines within the soil and ASTM Standard D4318 was 
performed to determine the plastic limit of the fines within the soil. 
SIEVE ANALYSIS 
 The first step of soil classification involves the sieve analysis.  The sieve analysis 
yields the grain size distribution present within the soil collected from the Polytechnic 
campus.  The sieves used for the sieve analysis were #4, #10, #20, #40, #70, #100, #200 
and a pan to retain the fine-grained particles passing the #200 sieve.  Table 2 shows the 
results of the sieve analysis for the soil collected from the Polytechnic campus site. 
Table 2: Sieve Analysis Results of Polytechnic Soil 
Sieve 
Sieve Size 
(mm) 
Msieve  
(g) 
Mw/soil 
(g) 
Msoil 
(g) 
Percent 
retained 
Percent 
passing 
4 4.75 427.6 554.7 127.1 7% 93% 
10 2.00 630.8 787.1 156.3 9% 83% 
20 0.841 468.1 698 229.9 13% 70% 
40 0.420 381 577.6 196.6 12% 58% 
70 0.210 276.5 682.3 405.8 24% 35% 
100 0.150 359.5 444.1 84.6 5% 30% 
200 0.075 341.8 575.7 233.9 14% 16% 
Pan 0 362 634.9 272.9 16% 0% 
      Total 1707.1     
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 With the data found in table 2, the soil particle percentages can be found.  Soil 
particles that are retained by the number 4 sieve are classified as gravel.  Soil particles 
that are retained by the pan are classified as fine-grained particles.  All soil particles that 
are passing the number 4 sieve but are retained by the number 200 sieve are classified 
and sand.  Table 3 displays the percentages of gravel, sand and fines within the 
Polytechnic soil.  Figure 12 displays the soil grain size distribution curve for the 
Polytechnic soil. 
Table 3: Polytechnic Soil Consistency 
Soil Consistency Classifications 
Soil Type Percentage 
Gravel 7% 
Sand 77% 
Fines 16% 
 
 
Figure 12: Soil Grain Size Distribution Curve of Polytechnic Soil 
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The soil from the Polytechnic site falls under the classification of a dirty sand.  
This soil is classified as a sand due to majority of the soil particles being classified as a 
sand.  Soils that contain more than 12% fines are classified as a dirty soil.  The gradation 
values of the curve were determined to be Cc = 0.667 and Cu = 6.  With these values, the 
soil is poorly graded.  The results of determining the values of Cc can be found in table 4.   
Table 4: Soil Gradation Values 
Characteristic Value 
D10 0.075 
D30 0.15 
D60 0.45 
Cc 0.666667 
Cu 6 
 
CASAGRANDE TEST FOR THE LIQUID LIMIT 
 Due to the significant consistency of fine-grained particles in the soil, the fine 
grains needed to be examined further.  Fine-grained particles have a liquid limit, plastic 
limit and plasticity index.  To determine the liquid limit of the fine-grained particles in 
the Polytechnic soil, a Casagrande Test was performed.  The results of the Casagrande 
test can be found in table 5. 
Table 5: Casagrande Test Results 
Casagrande Test Results 
Sample Blow count Mcan (g) Mw/soil (g) Mw/dry (g) 
1 15 14.3 33.8 27.5 
2 21 15.4 35 29.6 
3 25 14.2 33.9 28.8 
4 35 15.4 34.6 30 
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 With the results found in table 4, the mass of the soil when wet and dried can be 
determined.  The difference in the mass between the wet and dry soil will determine the 
mass of the water that was present in each sample.  This will allow for determining the 
moisture content of each sample which can be found in table 6.  The relationships 
between the moisture content and blow counts for each sample are plotted in figure 13. 
Table 6: Casagrande Test Results Analyzed 
Casagrande Test Analyzed 
Sample Blow count Mwet (g) Mdry (g) Mwater (g) Moisture Content 
1 15 19.5 13.2 6.3 47.7% 
2 21 19.6 14.2 5.4 38.0% 
3 25 19.7 14.6 5.1 34.9% 
4 35 19.2 14.6 4.6 31.5% 
 
 
Figure 13: Casagrande Test Analysis Plot 
 The moisture content of each sample was then interpolated to determine the liquid 
limit of the soil.  Upon performing an interpolation of the moisture contents of each 
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sample, the liquid limit of the fine grains within the Polytechnic soil is 38.  The liquid 
limit is less than 50 which concludes that the fine-grained particles in the soil are of a low 
plasticity. 
PLASTIC LIMIT TEST 
 Now that the liquid limit has been determined, the plasticity limit was found using 
ASTM Standard D 4318.  The plasticity limit is determined by the average moisture 
content of the fines when rolled out into a thread and begins to crumble once the thread 
has reached a diameter of approximately 3 mm.  The initial results of the test for the 
plasticity limit are found in table 7. 
Table 7: Plastic Limit Test Results 
Plastic Limit Test Results 
Sample Mcan (g) Mw/soil (g) Mw/dry (g) 
1 12 20.8 19.1 
2 14.4 29.5 26.4 
 
 With the data found in table 7, the mass of the sample when wet and dry can be 
found.  The difference between the wet and dry samples will determine the mass of the 
water that was present within the wet samples.  This will then allow for determining the 
moisture content of each sample which can be found in table 8. 
Table 8: Plasticity Limit Test Results Analyzed 
Plasticity Limit Test Analysis 
Sample Mwet (g) Mdry (g) Mwater (g) Moisture content 
1 8.8 7.1 1.7 23.9% 
2 15.1 12.0 3.1 25.8% 
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 The average between the moisture contents of the two samples leads to a 
plasticity limit of 24.   
PLASTICITY INDEX 
Now that the liquid limit and the plasticity limit have been determined, the 
plasticity index can be found for the Polytechnic soil.  The plasticity index of the fines 
within a soil is found be the difference between the liquid limit and the plasticity limit.  If 
the liquid limit of the Polytechnic soil is 38 and the plasticity limit is 24, then the 
plasticity index for the Polytechnic soil is 14.  Table 9 displays these results for clarity. 
Table 9: Properties of Fines Within the Polytechnic Soil 
Polytechnic Soil Fines Properties 
Property Value 
Liquid limit 38 
Plasticity limit 24 
Plasticity index 14 
 
POLYTECHNIC SOIL CLASSIFICATION 
 Now that the properties of the fine grains within the Polytechnic soil have been 
determined, the classification of the fine grains can be determined.  Figure 14 shows the 
plasticity chart.  The plasticity chart shows the liquid limit on the X-axis with the 
plasticity index on the Y-axis.  The A-Line on the plasticity chart is based on the formula 
𝑃𝐼 = 0.73(𝐿𝐿 − 20) where PI represents the plasticity index and LL represents the liquid 
limit.  Values above the A-line are classified as clays whereas the values below the A-line 
are classified as silts.  Liquid limits below 50% are considered to have low plasticity 
whereas liquid limits above 50% are considered to have a high plasticity.   
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Figure 14: Plasticity Chart for Fine Grain Classification 
 Using the plasticity chart in figure 14, if the liquid limit is 38 and the plasticity 
index is 14, the fine grains within the Polytechnic soil fall under the classification of a 
low plasticity clay.  The official classification of the Polytechnic soil is a clayey sand, or 
SC.   
HARVARD MINIATURE COMPACTION TEST 
The Harvard miniature compaction test was performed to determine the optimum 
moisture content for the soil from the Polytechnic campus.  The soil’s optimum moisture 
content is the moisture content that should be achieved in the field to achieve the 
maximum density during compaction.  To determine the optimum moisture content, a 
moisture content-density curve must be produced by using the Harvard miniature 
compaction device. 
 The soil from the Polytechnic campus site was in an air-dry state before testing.  
Six specimens were weighed out and a desired moisture content was assigned to each 
specimen.  Water was measured out for each specimen’s assigned moisture content and 
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was mixed into each respective specimen.  Table 10 displays the characteristics of each 
specimen as prepared before being added to the mold. 
Table 10: Harvard Compaction Test Specimen Preparation 
Harvard Compaction Test Specimen Preparation 
Specimen Mass of specimen (g) Desired moisture content Mwater added (g) 
1 100.0 12% 12.0 
2 115.7 14% 16.2 
3 143.6 16% 23.0 
4 133.7 18% 24.1 
5 145.7 20% 29.1 
6 179.5 22% 39.5 
 
After the water and soil had been mixed together, the specimens were added to a 
mold according to the procedures mentioned in chapter 2.  The same mold was used for 
each specimen.  The mold with the specimen inside was weighed to determine the mass 
of the soil present within the mold.  This leads to determining the density of each 
specimen.  Table 11 displays the characteristics of each specimen. 
Table 11: Harvard Compaction Test Mold Characteristics 
Harvard Compaction Test Molds 
Specimen Mmold (g) Mw/soil (g) Mwet (g) 
1 417.4 528.8 111.4 
2 417.4 538.6 121.2 
3 417.4 540.8 123.4 
4 417.4 544.4 127 
5 417.4 547 129.6 
6 417.4 542.1 124.7 
 
 After removing each specimen from the molds, the specimens were weighed 
within a dish and left to oven-dry overnight.  Each specimen was then reweighed to 
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determine each specimen’s actual moisture content after drying out.  Table 12 displays 
the results of the mass of each specimen and table 13 displays the analysis of the results 
to determine each specimen’s moisture content. 
Table 12: Harvard Compaction Test Specimen Results 
Specimen Results 
Specimen Mdish (g) Mw/wet (g) Mw/dry (g) 
1 15.6 127.1 114.6 
2 17.1 136.8 120.9 
3 14.6 138.2 119.4 
4 15 141.2 120.7 
5 14.7 143.1 120.1 
6 15 139.1 115.3 
 
Table 13: Harvard Compaction Test Specimen Results Analyzed 
Specimen Results Analyzed 
Specimen Mwet (g) Mdry (g) Mwater (g) Moisture Content Dry density (g/cm^3) 
1 111.5 99 12.5 12.63% 1.5865 
2 119.7 103.8 15.9 15.32% 1.6635 
3 123.6 104.8 18.8 17.94% 1.6795 
4 126.2 105.7 20.5 19.39% 1.6939 
5 128.4 105.4 23 21.82% 1.6891 
6 124.1 100.3 23.8 23.73% 1.6074 
 
 Each specimen’s density and moisture content have been determined.  The 
relationship between the densities and moisture contents of each specimen leads to the 
formation of a curve that allows for determining the optimum moisture content for the 
soil from the Polytechnic site which can be found in figure 15. 
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Figure 15: Moisture Content-Dry Density Relationship Curve 
 Based on the moisture content to dry density relationship curve found in figure 
15, the fourth sample has the peak density at a value of 1.70
𝑔
𝑐𝑚3
 with a moisture content 
of 19%.  To achieve the greatest relative density during compaction in the field for the 
soil found in the Polytechnic site, a moisture content of approximately 19% should be 
reached.   
UNTREATED COLUMN PRODUCTION 
 The column production process ran into multiple issues.  The first method did not 
reach an appropriate level of compaction which led to all sample columns produced to 
fall apart before an unconfined compressive strength test could be performed.  As an 
alternative, the Harvard Miniature Compaction device was used to create a set of 
columns. 
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UNTREATED COLUMN PRODUCTION – METHOD 1 
 The first method of producing columns was unsuccessful.  The initial goals were 
to create the untreated soil columns with the same amount of water as the EICP solution 
that was added to the treated columns.  The untreated columns had the soil added to the 
capped and sealed tube with 100 mL dripped on the top surface and compacted as the 
water percolated down by gravity through the voids.   
 While adding the water, the flow of the percolation was very slow due to the low 
permeability of the soil.  The soil had a low permeability due to the soil containing a 
significant amount of fines which leads to smaller void spaces.  The smaller void spaces 
and low permeability correlates with a lower hydraulic conductivity within the soil.  Soils 
with lower hydraulic conductivities cause a greater inhibition of water to flow through 
the soil mass.  
 After dripping the 100 mL of water was complete, there was still water above the 
top surface of the column within the tube.  The columns were left to sit along with the 
treated soil samples for 2 days before the unconfined compression test was meant to be 
performed.  However, a new method of mixing the EICP solution into the soil had to be 
taken after the columns fell apart upon being removed from the molds as seen in figure 
16.  The lack of compaction was due to using the percolation method in a soil with a low 
permeability.  
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Figure 16: Initial Column Set Creation Problem 
UNTREATED COLUMN PRODUCTION – METHOD 2 
 Each column fell apart during method 1 which was due to an insufficient amount 
of compaction.  As an alternative, the Harvard Miniature Compaction device was used to 
produce the untreated soil columns.  The Harvard Miniature Compaction device was used 
while testing for the optimum moisture content of the Polytechnic soil and the columns 
produced using the device retained their shape after being removed from the mold.   
 The desired moisture content of the untreated soil columns produced for the 
unconfined compression test were made to be 2% wet of the optimum moisture content 
which is 19%.   
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 The untreated columns were produced and weighed before being allowed to dry in 
an oven for 24 hours.  After the columns were oven-dried, the columns were weighed 
again to determine the actual initial moisture content and the dry density of the columns.  
The dimensions of each column’s height and diameter were measured.  The 
characteristics of the columns are found in table 14. 
Table 14: Untreated Column Characteristics 
Column Type Mwet (g) Mdry (g) Moisture content Dry Density (g/cm^3) 
U1 Untreated 126.1 103.9 21.37% 1.6621 
U2 Untreated 127.2 106.0 20.00% 1.6990 
U3 Untreated 126.9 104.3 21.67% 1.6333 
 
UNCONFINED COMPRESSIVE STRENGTH OF UNTREATED COLUMNS 
 Now that the dry density of the untreated Polytechnic soil columns have been 
determined, the columns were prepared for the unconfined compressive strength test.  
The dry columns were removed from the oven and taken to the unconfined compression 
apparatus.  Each column was loaded into the device by raising the bottom plate to the 
point that the top of the column barely touched the top plate.  The measuring device was 
aligned at a 90-degree angle with the bottom plate’s surface. 
 After the column had been placed into the device and the device was calibrated, 
the unconfined compressive strength apparatus and data collection software were 
activated simultaneously.  The lower platform on the device slowly rose until the sample 
column shears.  Shearing within the column was indicated by a sudden loss in pressure 
seen in the data collecting software.  The sudden loss in pressure results from the sample 
column shearing due to the realignment of soil particles within the column due to the 
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applied force.  Figure 17 shows the stress-strain relationship of the untreated soils after 
being tested for their dry unconfined compressive strength.  Figure 18 shows a plot of the 
peak stress reached with each column and their respective dry densities.  
 
Figure 17: Untreated Dry Unconfined Compression Strength Test Results 
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Figure 18: Untreated Dry Density to Unconfined Compressive Strength Results 
HYDROCHLORIC ACID DIGESTION 
 Due to the presence of clays within the native Polytechnic soil, the soil naturally 
has carbonate present within the soil.  Since clays are present, a quantitative measure of 
the carbonate content between the untreated and EICP treated soil columns cannot be 
determined.  Hydrochloric acid digestion was still performed to determine a qualitative 
value for the carbonate content. 
 A weighed sample of Polytechnic soil was taken and added to a beaker.  Using a 
pipette, a hydrochloric solution of 37% concentrate was applied and mixed into the 
untreated soil.  Once the hydrochloric acid was applied, the soil began to fizz which 
indicated that carbonate was present in the soil.  Again, this is due to the clay content. 
The fizzing of the untreated soil can be seen in figure 19. 
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Figure 19: Fizzing in soil due to the presence of carbonate 
 After sitting for 2 hours, the hydrochloric acid was decanted from the beaker.  
Water was added to the beaker to rinse any remaining hydrochloric acid within the soil.  
The beaker was allowed to sit until the soil settled to the bottom of the beaker.  The water 
was then decanted.  The sample was then placed into an oven to dry overnight. 
 After drying, the sample was reweighed again.  The difference in the mass 
between before and after the hydrochloric acid digestion treatment is the carbonate 
content of the soil.  Again, this is a qualitative measure as some fine-grained particles 
were poured out during decanting.  Efforts were taken to limit the amount of fine-grained 
particles as much as possible.  The results of the hydrochloric acid digestion treatment 
can be found in table 15. 
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Table 15: Hydrochloric Acid Digestion of Untreated Polytechnic Soil Results 
Sample Mbeaker (g) Mbefore (g) Mafter (g) Mcarbonate (g) Carbonate content 
Untreated 110.17 162.08 161.64 0.44 0.85% 
 
CONCLUSIONS 
 The soil collected from the Polytechnic site was determined to be a dirty sand.  
The fine-grained particles consist of 16% of the soil’s profile.  The fine-grained particles 
in the soil were determined to be a low plasticity clay which classifies the soil as a clayey 
sand.  The optimum moisture content of the soil was determined to be approximately 
19% to achieve the greatest relative density during compaction in the field.  The 
untreated soil when formed into columns had a dry unconfined compressive strength of 
approximately 6.198 psi.  The next chapter will explore the characteristics of the 
Polytechnic soil when treated without enzymes, EICP and modified with the addition of 
sand. 
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CHAPTER 5 – TREATED COLUMN RESULTS AND DISCUSSION 
INTRODUCTION 
 Upon determining the characteristics of the soil from the lot in the Polytechnic 
campus, further laboratory testing was made to analyze the physical changes in the soil 
due to EICP.  The first laboratory experiment created bio-cemented columns of the soil 
by treating the soil with EICP.  The bio-cemented columns have different characteristics 
with varied amounts of sand mixed and compacted within the soil from the Polytechnic 
site.  The different variants of sand added to the soil account for the issues with the 
effectiveness of EICP in soils with a significant consistency of fines.  These columns will 
be compared to determine the point that EICP can be an effective soil improvement 
method in the second laboratory experiment. 
 The second laboratory experiment is an unconfined compression test.  After the 
soil columns have been bio-cemented together via EICP, the columns are compressed to 
determine the yield stress and strain relationship.  The yield stress will increase between 
varied levels of treatment from the untreated soils, the salted soils and the EICP treated 
soils.  The yield stress will also increase with an increased amount of added sand which 
reduces the fines content. 
TREATED COLUMN PRODUCTION 
The process of bio-cementing a column of soil in the lab via EICP involved 
creating two separate solutions that were mixed together right before being applied to the 
soil.  The measurements of each reactant were based upon the reaction containing one 
mole of urea and 0.67 moles of calcium chloride per liter.  The first solution contains 
6.006 g of urea and 9.850 g of calcium chloride mixed with water.  The second solution 
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contains 0.3 g of the urease enzyme and 0.4 g of non-fat dried milk mixed with water.  
Both solutions have a volume of 50 mL and combine for a total volume of 100 mL.  Urea 
and calcium carbonate are dissolved to dissociate within the water in the first solution.  
The urease enzyme was mixed separately to delay the reaction as much as possible before 
being applied to the soil.  The non-fat dried milk served as an organic soil stabilizer 
(Almajed, 2017).  The maximum theoretical amount of calcium carbonate that could be 
produced by the solution used during the plan of study is 6.706 g which is limited by the 
concentration of calcium chloride. 
The production of the treated soil columns had similar issues as the untreated 
columns.  The first method at producing sample columns failed as all columns fell apart 
due to insufficient compaction.  The second method at producing sample columns 
involved a method of mixing the EICP solution into the soil and compacting the soil 
within the same molds from the first method.  The third method at producing sample 
columns involved mixing the EICP solution into the soil and then using the Harvard 
Miniature Compaction device to produce the columns. 
The columns produced for the scope of this thesis include three categories.  These 
categories are the untreated columns, the EICP treated columns without sand and EICP 
treated columns with sand.  The data analysis and discussions relevant to the untreated 
column was discussed previously in chapter 3.   
COLUMN PRODUCTION – METHOD 1 
 The percolation method was used during the first method where the EICP solution 
was dripped on the surface of the column with a syringe and the solution would percolate 
down through the voids of the soil by gravity.  The EICP treated column consists of the 
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soil from the Polytechnic site with the EICP solution added via the percolation method to 
induce the EICP reaction.  The EICP treated columns with sand include soil from the site, 
varied amounts of sand and the EICP solution was added via the percolation method to 
induce EICP. 
 The columns created during the first method used molds that have a 2-inch 
diameter and were filled with at least 4 inches of soil.  The column consists of the acrylic 
containment tube as a mold, a bottom cap and plastic wrap glued with silicone within the 
cap to prevent the solution from leaking.  The parts used for the preparation of these 
columns can be seen in figure 20. 
 
Figure 20: Materials for producing columns 
 Two columns were produced where one column had Ottawa 20-30 sand added to 
reduce the percentage of fine-grained particles to approximately 10%.  The second 
column had Ottawa 20-30 sand added to reduce the percentage of fine-grained particles 
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to approximately 5%.  Each column had a sample of untreated soil that was weighed out 
with the knowledge that the untreated soil has a consistency of 16% fines.  After the sand 
had been mixed into the untreated Polytechnic soil, the mixtures were added to a column 
and compacted with the EICP solution.  Table 16 displays the total amount of sand added 
and mixed into the untreated soil to achieve the desired conditions. 
Table 16: Adding Ottawa 20-30 Sand to Untreated Polytechnic Soil – Method 1 
Specimen Mass of soil (g) Mass of fines (g) Sand added (g) Percentage of fines 
1 320.2 51.23 181.7 10.2% 
2 353.0 56.48 618.1 5.80% 
 
 Using a syringe, the combined solutions were then dripped in the soil sample 
within the column.  The solution was dripped on the same location on the top of the soil 
column to allow air to escape as the solution percolates through the voids of the soil 
within the column.  After the entire solution has been dripped within the soil column, the 
sample is left to sit and allow the EICP reaction to run its course over 2 days.  The 
columns produced in the first method can be seen in figure 21. 
 
Figure 21: Columns produced using method 1 
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It is known that the reaction started to occur due to an odor like that of ammonia 
which was present in the treated columns.  The reaction also left a layer of calcium 
carbonate caked on the top surface of the columns which can be seen in figure 22. 
 
Figure 22: Calcium carbonate layer on top of columns 
 Once the soil had been bio-cemented together by EICP, the columns are then 
drained of any remaining fluid.  Draining the fluid had to be performed with caution due 
to the presence of ammonium chloride.  The ammonium chloride, while considered a 
contaminant in groundwater, can be poured down the sink drain in the laboratory.  Once 
the columns were drained, the samples were pushed out of their tubes but ended up 
slumping.  The columns could not be used in an unconfined compressive strength test. 
COLUMN PRODUCTION – METHOD 2 
 During the first method of creating the columns, the soil was not compacted 
appropriately, and the columns fell apart upon being removed from their molds.  As an 
58 
 
alternative, a new set of columns were prepared with the EICP solutions applied via the 
mix and compact method.  The percolation method used in method 1 did not allow for 
sufficient compaction and the lower permeability of the soil limited the potential for the 
solution to percolate through the soil’s void spaces within the column mold.   
The mix and compact method involves the solution being mixed into the soil 
separately from the column molds.  Once the solution was mixed into the soil, the soil 
was added and compacted in layers.  The method of compaction used involved a wooden 
dowel pressed into four quadrants and the center of the surface of each layer for a total of 
25 times.  This method of compaction is meant to emulate the process of the Harvard 
Miniature Compaction test.  Due not using a spring-loaded hammer and using a wooden 
dowel for compaction, the pressure applied was not uniform with each layer of 
compaction.  Each mold has the same dimensions as the first method with a diameter of 2 
inches and a height of 4 inches. 
Two columns in the second method contain the Polytechnic soil with Ottawa 20-
30 sand mixed in to achieve 10% fines (now 83% sand) and 5% fines (now 87% sand) 
and to achieve the same moisture content as the columns without the added Ottawa 20-30 
sand.  While performing the mix and compact method, an issue arose where the soils that 
had Ottawa 20-30 sand added were behaving more like a mud as seen in figure 23.   
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Figure 23: Columns produced using method 2 
To address this issue, a greater amount of soil was used while mixing the solution 
into the soil to reduce the moisture content in an additional two columns.  The typical 
optimum moisture content of sands ranges from 8-19% (USDOT, 2017).  The typical 
optimum moisture content of sands was used during the production of these columns due 
to a lack of time and resources to measure the optimum moisture content of the 
Polytechnic soil mixed with varied amounts of extra Ottawa 20-30 sand.  The 
characteristics of the columns with added sand can be found in table 17. 
Table 17: Adding Sand to Untreated Soil Prior to EICP Treatment – Method 2 
Specimen 
Soil Weighed 
(g) 
Mass of fines 
(g) 
Sand added 
(g) 
Percentage of 
fines 
1 300.2 48.032 180.4 10.0% 
2 418.5 66.96 251.7 10.0% 
3 151.9 24.304 334.2 5.00% 
4 218.2 34.912 480 5.00% 
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While the columns kept their shape upon being removed from their molds, during 
transport of the columns, some columns slumped under their own weight.  This led to 
statistics that would skew the results during analysis.  Another set of columns was 
prepared in anticipation of the possibility of the columns falling apart during the second 
method.   
COLUMN PRODUCTION – METHOD 3 
 Due to uncertainties while performing the second method at creating the columns, 
a third method was used to create another set of columns.  Due to creating a set of 
untreated columns using the Harvard Miniature Compaction device that maintained their 
shape, another set of EICP treated columns were produced using the Harvard Miniature 
Compaction device.   
During the third method, another classification of columns was produced to 
account for straggling urea and calcium chloride salts that remain within the soil.  These 
soil columns were produced by adding the same solution of urea and calcium chloride but 
excludes the application of the urease enzymes and non-fat powdered milk. 
 The soils containing solutions with the urea and calcium chloride salts only were 
produced due to the lack of the ability wash away straggling urea and calcium chloride 
salts.  In past studies, columns treated with bio-cementation methods were rinsed with 
water to dissolve and rinse out any remaining urea and calcium chloride salts (Almajed, 
2017).  The reason why rinsing cannot be performed is due to the presence of a 
significant amount of fine which would be washed away along with urea and calcium 
chloride, leading to errors in the results. 
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 During the third method, the columns were produced using the Harvard Miniature 
Compaction Device.  Each soil set was produced using the mix and compact method.  
During compaction, the Harvard Miniature Compaction hammer was used within the 
Harvard Miniature Compaction molds.  This set allowed for a more precise measurement 
of compaction due to the use of the hammer providing a consistent 25 pounds per blow.  
The formation of the columns can be seen in figure 24. 
 
Figure 24: Formation of columns using the Harvard Miniature Compaction mold 
 Of the columns produced, two contained the Polytechnic soil with no added sand, 
two contain the Polytechnic soil with Ottawa 20-30 sand added to reduce the fines 
content to 10% and two columns contain the Polytechnic soil with Ottawa 20-30 sand 
added to reduce the fines content down to 5%.  With two of each soil mix, one was 
treated with a solution to induce EICP while the other was treated with a solution 
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containing only urea and calcium chloride salts.  The characteristics of each soil mix that 
would be used to create each column can be found in table 18.   
Table 18: Addition of Sand to Reduce Fines Content – Method 3 
Specimen 
Soil Weighed 
(g) 
Mass of fines 
(g) 
Sand added 
(g) 
Percentage of 
fines 
1 453.1 72.496 273.5 10.0% 
2 264.1 42.256 562.5 5.11% 
3 455.8 72.928 275.1 10.0% 
4 250.4 40.064 550.2 5.00% 
 
TREATED COLUMN CHARACTERISTICS 
 The characteristics of each column are found in table 19. 
Table 19: Column Characteristics 
Column Type Mwet (g) Mdry (g) Moisture content Density (g/cm^3) 
2.1 EICP 408.1 340.1 19.99% 1.6872 
2.2 EICP 537.8 443.5 21.26% 1.6801 
2.3 EICP/10 589.3 491.8 19.83% 1.9101 
2.4 EICP/10 595.2 516.5 15.24% 1.9696 
2.5 EICP/5 450.8 375.1 20.18% 1.7526 
2.6 EICP/5 526 455.9 15.38% 1.8266 
3.1 Salted 132.1 109.7 20.42% 1.7300 
3.2 Salted/10 137.3 119.4 14.99% 1.8566 
3.3 Salted/5 136 117.2 16.04% 1.8039 
3.4 EICP 158.5 130.1 21.83% 1.8746 
3.5 EICP/10 153.2 134.9 13.57% 2.0954 
3.6 EICP/5 146.8 131 12.06% 2.0101 
U1 Untreated 126.1 103.7 21.60% 1.6621 
U2 Untreated 127.2 106 20.00% 1.6990 
U3 Untreated 124.8 101.9 22.47% 1.6333 
 
UNCONFINED COMPRESSION TEST 
 Once the soil sample columns had been formed, they were set to dry in an oven 
over 24 hours.  After the treated columns were oven-dried, they were prepared to go 
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through the unconfined compression test to determine their dry unconfined compressive 
strength.  Each sample column’s radius and height needed to be measured to determine 
each column’s initial volume.  The columns then had each of their ends smoothed out 
using sand paper before being placed into the unconfined compression test device.   
The output of the unconfined compression test revealed the load and displacement 
over time until the column yielded.  The stress-strain relationship allows for determine 
the compressive strength of each sample.  The compressive strength of each sample was 
compared to their densities to find a correlation between them.  More details for the 
procedure of the unconfined compression test can be found in chapter 2. 
 Each classification of soil has been separated into their own independent section 
for the unconfined compression test results.  The first section will recall the results of the 
unconfined compression test results of the untreated soil columns.  The second section 
will discuss the unconfined compression test results of the soil columns treated with 
EICP.  The third section will discuss the unconfined compression test results of the soil 
columns with sand mixed in and treated with EICP.  The column names (X.X) are 
represented with the first value representing the trial and the second value representing 
the column number. 
UCS – UNTREATED SOIL 
 The untreated soil when formed into columns had an average unconfined 
compressive strength of approximately 6.198 psi.  The strength of the columns increased 
as the density increased within the columns.  The expectations that were expected with 
the treated columns would involve and increase in strength with the EICP treatment and a 
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further increase in strength when sand is added to the Polytechnic soil and is treated with 
EICP. 
UCS – SOILS TREATED WITHOUT ENZYMES 
 Three extra columns were produced using the third method of producing columns 
which are classified as columns treated without enzymes.  These columns are samples 
where the soil had a solution of urea and calcium chloride mixed into the soil before 
being compacted in the Harvard Miniature Compaction device.  The purposed of creating 
these columns was to determine the change in the soil’s characteristics when the urea and 
calcium chloride solution is added to the soil due to not being able to rinse the soil with 
the presence of fine-grained soil particles.  Rinsing the columns would have led to fine-
grained particles in the soil being lost. 
 The characteristics of each soil column can be found in table 20.  The stress-strain 
relationship found during the unconfined compressive strength test can be found in figure 
25.  The strength and densities of each column are plotted in figure 26. 
Table 20: Solutions w/o Enzymes Column Characteristics 
Column Type 
Mwet 
(g) 
Mdry 
(g) 
Moisture 
content 
Density 
(g/cm^3) 
Strength 
(psi) 
3.1 Salted 132.1 109.7 20.42% 1.7300 9.454 
3.2 Salted/10 137.3 119.4 14.99% 1.8566 10.05 
3.3 Salted/5 136 117.2 16.04% 1.8039 6.213 
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Figure 25: Solutions w/o Enzymes Column Stress-Strain Relationships 
 
Figure 26: Solutions w/o Enzymes Column Strengths and Dry Densities 
 The addition of the urea and calcium carbonate solutions led to an overall increase 
in the soils and a slight increase in the overall strength compared to the untreated 
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column with 10% fines.  The columns with 5% fines ended up being the weakest column 
produced.  This will be investigated in the discussion section later. 
UCS – EICP TREATED SOIL 
The Polytechnic soil was treated with EICP in three columns. The characteristics 
of each soil column treated with EICP can be found in table 21.  The stress-strain 
relationship found during the unconfined compressive strength test can be found in figure 
27.  The strength and densities of each column are plotted in figure 28. 
Table 21: Characteristics of EICP Treated Columns 
Column Type 
Mwet 
(g) 
Mdry 
(g) 
Moisture 
content 
Density 
(g/cm^3) 
Strength 
(psi) 
2.1 EICP 408.1 340.1 19.99% 1.6872 11.56 
2.2 EICP 537.8 443.5 21.26% 1.6801 9.382 
3.4 EICP 158.5 130.1 21.83% 1.8746 15.68 
 
 
Figure 27: Stress-Strain Relationships EICP 
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Figure 28: EICP Column Strengths and Dry Densities 
 The columns produced during the second trial were not as effectively compacted 
compared to the third trial.  The greater compaction during the Harvard Miniature 
compaction test led to the column being denser and stronger.  The trend of denser soils 
leading to greater overall strengths is evident.  The greater compaction also led to a lower 
rate of strain as more stresses were applied. 
UCS – EICP TREATED SOIL WITH SAND 
The Polytechnic soil was treated with EICP and modified with the addition of 
sand in six columns. The characteristics of each soil column treated with EICP and 
modified with the addition of sand can be found in table 22.  The stress-strain relationship 
found during the unconfined compressive strength test can be found in figure 29.  The 
strength and densities of each column are plotted in figure 30. 
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Table 22: Characteristics of EICP and Sand Treated Columns 
Column Type 
Mwet 
(g) 
Mdry 
(g) 
Moisture 
content 
Density 
(g/cm^3) 
Strength 
(psi) 
2.3 EICP/10% fines 589.3 491.8 19.83% 1.9101 16.91 
2.4 EICP/10% fines 595.2 516.5 15.24% 1.9696 16.72 
2.5 EICP/5% fines 450.8 375.1 20.18% 1.7526 4.258 
2.6 EICP/5% fines 526 455.9 15.38% 1.8266 7.718 
3.5 EICP/10% fines 153.2 134.9 13.57% 2.0954 21.15 
3.6 EICP/5% fines 146.8 131 12.06% 2.0101 7.458 
 
 
Figure 29: Stress-Strain Relationships EICP + Sand 
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Figure 30: EICP + Sand Column Strengths and Dry Densities 
During the unconfined compression tests, the results showed that the soils with 
added sand to reduce the samples to 10% fines were the strongest.  The addition of sand 
to reduce the fines content of the soil was effective in strengthening the soil but this was 
not the case for the columns with sands added to reduce the samples to 5% fines.  This is 
due to the soil lacking cohesion to maintain the column’s shape during an unconfined 
compression test.   
Lowering the moisture content due to the addition of soil was necessary to 
achieve a greater density as seen in the columns produced during the second method.  
The overall trend shows that the strength of the columns increases as the density 
increases.  The Harvard Miniature compaction test shows again that it was a more 
effective method of compacting the soil to a greater density which also correlates with a 
greater strength. 
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HYDROCHLORIC ACID DIGESTION 
 To determine the consistency of calcium carbonate produced within the treated 
soil columns, the remains of EICP treated columns went through a hydrochloric acid 
digestion test.  Approximately 50 g of the remains of each type of EICP treated soil 
column were added to a beaker.  Larger chunks of the soil samples were broken up with a 
wooden dowel as seen in figure 31.  The native soil did not need to be ground up.  The 
EICP treated soil with 10% fines required more effort to break up.  The EICP treated soil 
and the EICP treated soils with 5% fines broke up with little effort.   
 
Figure 31: Preparation of samples for HCl digestion 
Once each of the collected samples were ground up, each sample was treated with 
a hydrochloric acid (HCl) solution.  The HCl was applied and mixed into each sample.  
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Upon applying the HCl solution, the EICP treated soils fizzed more intensely than the 
untreated Polytechnic soil which can be seen in figure 32. 
 
Figure 32: Fizzing in EICP treated sample during HCl digestion 
The samples were set to rest for approximately 2 hours during which, the HCl 
would dissolve the calcium carbonate that formed during the bio-cementation process.  
After rinsing the soil, the samples were set to dry in an oven.  The decrease in the mass of 
the samples after the HCl digestion process determines the mass of the calcium carbonate 
that was produced in the treated columns.   
 Due to the soils containing clays, there was no accurate way to quantitatively 
measure the carbonate content of each sample produced.  The HCl digestion test would 
dissolve the clays that were naturally present in the soil leading to errors in determining 
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the calcium carbonate produced by EICP.  Instead, the test was performed but to 
determine the qualitative results which can be found in table 23. 
Table 23: Hydrochloric Acid Digestion Results 
Sample 
Mbeaker 
(g) 
Mbefore 
(g) 
Mafter 
(g) 
Mcarbonate 
(g) 
Carbonate  
content 
Untreated 110.17 163.2 161.6 1.6 3.02% 
EICP 105.52 158.6 155.1 3.5 6.59% 
EICP/10% fines 109.42 161.3 159.0 2.3 4.43% 
EICP/5% fines 110.36 165.6 163.2 2.4 4.34% 
 
 The carbonate content of the soil increased in the soils treated with EICP as 
expected.  The carbonate content of the soil was also expected to have increased due to 
the more intense reaction of fizzing when the HCl digestion test started.  Now that a 
qualitative measurement of the carbonate content within the soils has been determined, 
all the results will be discussed to determine the relationships that can be found within the 
columns. 
CONCLUSIONS 
 The overall trend shows that treating the columns with EICP led to an increase in 
the soil’s strength.  The addition of sand to reduce the fines content of the Polytechnic 
soil also led to an increase of strength when the fines content was reduced to 10%.  The 
columns produced where the fines content was reduced to 5% were relatively weak by 
comparison.  The overall trend of the columns produced shows that the greater the 
density of the columns produced, the unconfined compressive strength also increased.  
Further analysis of the data will be discussed in chapter 6.   
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CHAPTER 6 - CONCLUSIONS 
SUMMARY 
 To summarize the works performed during this thesis, soil was collected from a 
site at the Arizona State University Polytechnic campus.  The soil was analyzed to 
determine its native characteristics.  A sieve analysis was performed on the Polytechnic 
soil which was to be a dirty sand with 16% fines.  The Casagrande test was performed 
and found that the liquid limit of the fine-grained particles within the Polytechnic soil 
was 38.  ASTM Standard D 4318 was performed and found that the plastic limit of the 
fine-grained particles in the soil was 24.  These values determined a plasticity index of 
14.  These characteristics determined that the fine-grained soil particles within the 
Polytechnic soil are a low plasticity clay.  The Polytechnic soil was then officially 
classified at a clayey sand, or SC.  The Harvard Miniature Compaction test determined 
that the optimum moisture content for the Polytechnic soil was approximately 19%.  The 
average dry unconfined compressive strength of the soil was determined to be 6.198 psi. 
 After determining the initial characteristics of the native Polytechnic soil, the soil 
was then given multiple treatments.  The soil was treated with an EICP solution; an EICP 
solution with the addition of sand to reduce the fines content; and a urea and calcium 
chloride solution.  The different soils with different variations of treatment were 
produced in columns through the percolation method, mix and compact method and the 
mix and compact method with a Harvard Miniature Compaction device.  The results of 
the stress-strain relationships during the unconfined compressive strength test were used 
to compare with the densities of the different sample columns.  Figure 33 provides a chart 
compiling the results of all unconfined compressive strength tests.  Table 24 compiles the 
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classifications, densities and strengths of each columns produced.  Figure 34 provides a 
chart compiling the strength of each soil column and their respective densities. 
 
Figure 33: Stress-Strain Relationships Compiled 
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Table 24: All Column Classifications, Densities and Strengths 
Column Type Dry Density (g/cm^3) Strength (psi) 
2.1 EICP 1.6872 11.56 
2.2 EICP 1.6801 9.382 
2.3 EICP/10 1.9101 16.91 
2.4 EICP/10 1.9696 16.72 
2.5 EICP/5 1.7526 4.258 
2.6 EICP/5 1.8266 7.718 
3.1 Salted 1.7300 9.454 
3.2 Salted/10 1.8566 10.05 
3.3 Salted/5 1.8039 6.213 
3.4 EICP 1.8746 15.68 
3.5 EICP/10 2.0954 21.15 
3.6 EICP/5 2.0101 7.458 
U1 Untreated 1.6621 5.998 
U2 Untreated 1.6990 6.756 
U3 Untreated 1.6333 5.839 
 
  
Figure 34: Dry Density to Dry Unconfined Compressive Strength Compiled 
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CONCLUSIONS 
 The initial prediction trends that were to be found was to expect that the columns 
from weakest to strongest would be: untreated, salted, EICP treated, EICP treated with 
the fines content reduced to 10% and then the EICP treated columns with the fines 
content reduced to 5%.  It was assumed that any form of treatment would lead to the 
columns becoming stronger than columns that were untreated.  It was also assumed that 
the columns with lower fines contents would be stronger because bio-cementation has 
been tested to be most effective in sandy soils.  Due to bio-cementation resulting in soils 
being denser, it was also assumed that there would be a trend that denser soil columns 
would correlate with a greater strength.  The predicted trends were found to be true with 
the exception being the strength of the sample columns with a fines content of 5%.   
 The percolation method was used during the first method which was unsuccessful 
in cementing the columns together.  This was due to the lower permeability of the soil 
causing the soil to have a lower hydraulic conductivity which inhibited the flow of water 
through the voids in the soil by gravity.  This led to the requirement of using alternative 
methods of applying the solution to the soil and compacting the soil to ensure a greater 
density.  This was done with the mix and compact method which involves adding the 
solution into the soil within a bowl and then compacting the soil when added to a mold.   
The second method involved the use of the mix and compaction method in capped 
acrylic tubes that were used in the first method.  The columns produced during the second 
method were compacted using a wooden dowel in a manner to emulate the compaction 
performed during a Harvard Miniature Compaction test.  When sand was added to the 
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Polytechnic soil, the moisture content was lowered in samples 2.4 and 2.6 to match a 
typical optimum moisture content of sandy soils to ensure more efficient compaction. 
The third method involved the use of the mix and compaction method but used 
the Harvard Miniature Compaction device to address concerns about unequal compaction 
or insufficient compaction during the second method.  The use of the hammer in the 
Harvard Miniature Compaction test allowed for consistent 25-pound blows during the 
compaction of the sample columns. 
The final conclusions that can be made upon analyzing the data collected with 
untreated and treated soil columns is that treating the Polytechnic soil with EICP leads to 
the soil increasing its strength by over two-fold.  The addition of sand to the Polytechnic 
soil while also treating the soil with EICP will strengthen the soil by over three-fold.  The 
greatest strength of soil treated with EICP alone was 15.68 psi.  The greatest strength of a 
soil treated with EICP with sand added to reduce the fines content was 21.15 psi in a 
column that was reduced to 10% fines.  To compare, a study that used MICP to treat a 
soil consisting of clays had an unconfined compressive strength of 14.08 psi (et al; 
Sharma, 2016).  While these increases in strength are considerable with more than 
doubling in strength after EICP treatments, bio-cementation in sands without a significant 
amount of fines can cause the unconfined compressive strength to reach up to 76.72 psi 
(Prasad et al, 2017) or even up to 331.6 psi (Hamdan, 2014).   
However, the biggest issue found during testing involved the results collected 
from the treated modified soil columns with fines contents of 5%.  The optimum moisture 
content is lower than what was achieved during testing.  Reaching the true optimum 
moisture content of the modified soils would have led to the columns having greater 
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densities.  Cohesion also was lost due to lowering the clay content of the soil to the point 
that the soil could be considered a clean sand. 
Another test was performed which showed that the strength of the columns may 
have been over estimated in the unconfined compressive strength test.  During the 
unconfined compressive strength test, the samples were tested in a dry state.  When the 
columns are unsaturated, there can be a large reduction in the strength of the soil if it 
were to become saturated again.  Samples of treated and untreated soil columns were 
collected and submerged in water to saturate.  Upon saturating the samples, the samples 
almost immediately fell apart which can be seen in figure 35.   
   
Figure 35: Evidence of capillary cohesion and clay suction head 
 While some pieces still retained their shape, it is evident that a significant portion 
of the column’s strength came from capillary cohesion and suction head.  The unconfined 
compression test has no containing pressure which requires the soil to rely on cohesive 
79 
 
properties to maintain its shape.  Due to this phenomenon being discovered, 
recommendations will be made for future research performed on treating soils with EICP 
if they have a significant amount of fines. 
RECOMMENDATIONS FOR FUTURE STUDIES 
 The densities of the samples varied based on differing compaction methods and 
the EICP treatments.  Use of the Harvard Miniature Compaction device allowed for more 
consistent compaction by using a standardized hammer weight.  Compacting the soil by 
hand led to inconsistent compaction and was not as effective in compacting the soil 
compared to using the Harvard Miniature Compaction device.  Using consistent 
compaction methods will allow for more effective and consistent compaction of samples.   
The precipitation of calcium carbonate leads to changes in the treated soil’s 
characteristics by increasing the volume of solids within the soil which increases the 
density of the treated soil.  The optimum moisture content curve moves up and to the left 
due to the increase of solids within the soil.  Longer curing times during the treatment of 
a soil leads to a greater amount of calcium carbonate precipitating within the treated soil.  
In return, this leads to the soils having greater bearing capacity (Pusadkar et al, 2017).   
There is a level of uncertainty in the data collected due to capillarity.  The native 
soil when mixed with Ottawa 20-30 sand should have been further analyzed for the 
optimum moisture content.  Harvard Miniature Compaction tests should be performed on 
the modified soils to determine the actual optimum moisture content for the modified 
soils.  Sample columns produced during the scope of work for this thesis were estimated 
based on a range of typical optimum moisture contents for sands.  Reaching the actual 
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optimum moisture content of the modified soils would have led the soils being denser.  If 
the soils were denser, it would lead to more effective inter-particle cementation and 
greater inter-particle friction from the EICP treatment.  The soils modified with the 
addition of sand would have had moisture content to density relationship curves that 
would move up and to the left compared to the native Polytechnic soil.   
 The unconfined compression test was useful in determining that adding sand to 
reduce the fines content allowed for the columns to have a greater strength.  However, the 
results showed that the columns with 5% fines were weaker.  This was due to inefficient 
compaction as mentioned before and the lack of cohesion within the soil columns that 
were produced due to reducing the fines content.  Soils containing a significant amount of 
fines are naturally cohesive.  The soil columns were tested in a dry state leading to the 
soils appearing to be stronger, especially compared to if the soil was saturated.  During 
the scope of work for this thesis, the unconfined compression test was used to save on 
time and costs.  However, testing the soil in a triaxial test will allow for determining more 
precise characteristics of the soil.  Triaxial testing allows for the application of confining 
pressure to the samples which emulates soil surrounding an element in the field.  The 
confining stress in an unconfined compression test is 0.  Triaxial testing also allows for 
examining the soil sample’s behavior in consolidated drained, consolidated undrained 
and unconsolidated undrained states.  The different conditions allow for determining the 
soil sample’s total strength, effective strength and strength due to cohesion. 
One particular issue mentioned in chapter 4 was the presence of a significant 
amount of fines in the soil which included clays.  Normally, soils treated with EICP can 
have a hydrochloric acid digestion test performed to dissolve the calcium carbonate that 
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formed to determine a relationship between the calcium carbonate content and the dry 
unconfined compressive strength of the treated soils.  The method used during the scope 
of work in this thesis was more prone to error due to the practice of decanting the 
hydrochloric acid and rinsing the soil.  The process of decanting the fluids led to some 
fine-grained particles being poured out of the beakers.  It is recommended that a pressure 
calcimeter should be used to determine the carbonate content instead.  The calcimeter 
would determine a more accurate measurement of the carbonate content within a soil.  
Hydrochloric acid reacts with carbonate which produces carbon dioxide.  The change in 
pressure detected by the calcimeter correlates with the increase in carbon dioxide as the 
carbonate reacts with the hydrochloric acid to determine the carbonate content of the soil 
(Senlikci, 2015). 
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